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Sound-evoked spikes in the auditory nerve can
phase-lock with submillisecond precision for pro-
longed periods of time. However, the synaptic mech-
anisms that enable this accurate spike firing remain
poorly understood. Using paired recordings from
adult frog hair cells and their afferent fibers, we
show here that during sine-wave stimuli, synaptic
failures occur even during strong stimuli. However,
exclusion of these failures leads to mean excitatory
postsynaptic current (EPSC) amplitudes that are in-
dependent of Ca2+ current. Given the intrinsic jitter
in spike triggering, evoked synaptic potentials and
spikes had surprisingly similar degrees of synchroni-
zation to a sine-wave stimulus. This similarity was ex-
plained by an unexpected finding: large-amplitude
evoked EPSCs have a significantly larger synchroni-
zation index than smaller evoked EPSCs. Large
EPSCs therefore enhance the precision of spike
timing. The hair cells’ unique capacity for continuous,
large-amplitude, and highly synchronous multiquan-
tal release thus underlies its ability to trigger phase-
locked spikes in afferent fibers.
INTRODUCTION
The precision of synaptic transmission is intrinsically limited by
the stochastic nature of synaptic vesicle release and an inherent
jitter in the exact timing of evoked spikes. Nevertheless, the audi-
tory systemmanages to attain extraordinary temporal precision.
Localization of low-frequency sounds, for example, requires the
preservation of temporal delays in the range of tens of microsec-
onds, thus allowing the discrimination of sound sources only 2
apart (Carr and Macleod, 2010; Ko¨ppl, 1997). Furthermore, this
temporal accuracy occurs for both high- and low-intensity
sounds. This is remarkable because synapses often experience
vesicle pool depletion and/or asynchronous release during
strong stimulation, which degrades spike reliability and timing
precision, whereas low-intensity stimulation leads to failure or
delayed release, which will also degrade spike reliability and pre-
cision. What specialized mechanisms allow hair cell synapses to1404 Neuron 83, 1404–1417, September 17, 2014 ª2014 Elsevier Incmaintain both spike count reliability and precise timing during
prolonged stimulation at different sound levels?
Hair cell synapses are characterized by a synaptic ribbon, the
preferential site of vesicle exocytosis (Zenisek et al., 2004; Mat-
thews and Fuchs, 2010; Safieddine et al., 2012). A hallmark of
hair cell exocytosis is a prominent form of multivesicular release
(Glowatzki and Fuchs, 2002; Keen and Hudspeth, 2006). This
type of release is Ca2+ dependent at retinal ribbon-type synap-
ses (Singer et al., 2004). However, EPSC amplitudes are Ca2+
independent at rat inner hair cell synapses (Goutman and Glo-
watzki, 2007). By contrast, EPSC amplitudes at frog and turtle
auditory hair cell synapses are Ca2+ dependent (Li et al., 2009;
Schnee et al., 2013). What are the origins for this difference,
and what is the physiological role of multivesicular release at
hair cell synapses?
An important property of sound-evoked spikes, throughout
the auditory system, is phase-locking. Hair cells faithfully follow
sound-wave sinusoidal cycles with their membrane potentials
for low-frequency sounds (Crawford and Fettiplace, 1981;
Palmer and Russell, 1986). Likewise, auditory nerve fibers tend
to fire spikes at a particular time point (phase) of each sinusoidal
cycle. This phenomenon of phase-locking thus starts at the first
synapse of the auditory pathway. However, the underlying bio-
physical mechanisms that enhance phase-locking at adult hair
cell synapses have not been fully identified, in part because of
the fragile nature of the mammalian cochlea and the small size
of its afferent fiber terminals.
Auditory nerve fiber recordings in amphibians, birds, and pri-
mates show that, at the characteristic frequency of the nerves,
the timing (or phase) of the spikes remains invariant as stimulus in-
tensity increases (Roseetal., 1967;HilleryandNarins, 1984;Gleich
and Narins, 1988). However, synaptic delays at conventional and
ribbon-type synapses are reduced by fast and large [Ca2+]i rises
(Heidelberger et al., 1994; Beutner et al., 2001; Schneggenburger
and Neher, 2000). The timing of evoked spikes should thus un-
dergo a phase change for progressively more intense sounds.
What are the synaptic mechanisms that avoid phase advances
at higher sound levels? A major hypothesis is that multivesicular
release is Ca2+ independent at hair cell synapses (Fuchs, 2005;
Goutman, 2012). However, this hypothesis has not been tested
using physiologically relevant sine-wave stimulation protocols in
adult animals that can hear low-frequency sounds.
Here we used paired recordings from bullfrog auditory hair cell
synapses to study the biophysical mechanisms that promote.
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Figure 1. Hair Cell Ribbon Synapses in Bullfrog Amphibian Papilla
(A) DIC image of the split-open semi-intact preparation in bullfrog amphibian papilla. The hair cell and its connected afferent fiber can be clearly identified based
on their distinct morphology.
(B) The hair cell characteristic frequency (fC) was determined by injecting a current step to the hair cell under current clamp. The voltage response (in black) was fit
with a sine-wave function whose amplitude decayed exponentially (red trace, fC = 417 Hz; see Experimental Procedures).
(C) A representative cell-attached, or on-cell, recording with GU seal of spontaneous extracellular EPSPs (eEPSPs) and extracellular action potential (eAP) spikes
from an afferent fiber. (C1) Part of the recording in (C) (gray box in C) is shown with high temporal resolution. Note that the signal-to-noise ratio is sufficiently high
so that individual eEPSPs and spikes (eAPs) can be identified.
(D) Spontaneous EPSPs and spikes under whole-cell current clamp from a different afferent fiber, showing that spikes are triggered by either a large EPSP or the
summation of a few closely timed EPSPs. (D1) The first derivative (dV/dt) of the data in (D) reveals a trace resembling that of (C1). This explains the origin of the
shape of eEPSPs and eAPs waveforms.
Neuron
Spike Timing Precision at Afferent Fiber Synapsesphase-locking. Our in vitro recordings of EPSPs and spikes
evoked by sinusoidal stimuli that mimic pure tone sounds reca-
pitulated several key features of in vivo recordings of afferent
fiber spikes. Counterintuitively, we find that large multiquantal
EPSC events are better phase-locked than small evoked EPSCs.
Large multiquantal EPSPs, produced by the coincident release
of more than 4–5 quanta, thus enhance the precision of spike
timing. By filtering out small and less precisely timed EPSPs,
the hair cell synapse promotes the precise phase-locking of
afferent fiber spikes to incoming sound waves.
RESULTS
Hair Cell Resonant Frequencies
Hair cells are tightly imbedded in the epithelia of hearing organs.
We obtained access to bullfrog amphibian papilla hair cells by
cracking open the epithelium in the middle region (Figure 1A;
Keen and Hudspeth, 2006). The amphibian papilla is organized
tonotopically from its rostral to caudal end for acoustic stimuli
that range in frequency from 100 to 1250 Hz (Lewis et al.,
1982). Recordings from turtle and frog hair cells reveal that
they are electrically tuned (Crawford and Fettiplace, 1980; Pitch-
ford and Ashmore, 1987). To determine their characteristic fre-
quency (fC), hair cells were kept under whole-cell current clamp
while current steps were injected. The voltage response was a
damped oscillation that could be fit with a sinusoidal wave func-Neution whose amplitude decayed exponentially (Figure 1B; Cata-
cuzzeno et al., 2003; see Experimental Procedures). For 11
hair cells, fC = 409 ± 28 Hz (at an average steady-state mem-
brane potential of 48.7 ± 2.6 mV; quality factor, Q = 5.2 ±
1.3). Hair cells had a resting capacitance of 11.5 ± 1.4 pF and
a length of 25–30 mm (Figure 1A; n = 20). These properties are
indeed typical of middle-region hair cells (Smotherman and Nar-
ins, 1999, 2000).We are thus studying a fairly uniform distribution
of hair cells specialized for detecting and transmitting sounds in
the mid-frequency bandwidth.
Spontaneous eEPSPs and Spikes: Cell-Attached and
Whole-Cell Recordings
Afferent fibers in the mid-frequency region of the amphibian
papilla often form a claw-like terminal with a single hair cell
(Lewis et al., 1982; Simmons et al., 1995; Keen and Hudspeth,
2006), which contacts 30 synaptic ribbons (Graydon et al.,
2011). To study the spike generation properties of the afferent fi-
ber, we first made noninvasive cell-attached recordings with GU
seals. In 45 of 58 afferent fibers, we observed spontaneous
extracellular action potentials (eAPs), which occurred either
randomly (Figure 1C, n = 23) or in bursts (n = 22) with a frequency
range of 0.05–20 Hz (average of 5.6 ± 5.8 Hz; n = 45). Our
average in vitro spike rate is thus similar to the in vivo median
spontaneous spike rate of 8.6 Hz for frog auditory nerve fibers
(Christensen-Dalsgaard et al., 1998).ron 83, 1404–1417, September 17, 2014 ª2014 Elsevier Inc. 1405
Neuron
Spike Timing Precision at Afferent Fiber SynapsesSome afferent fiber recordings also displayed copious sponta-
neous extracellular EPSPs (eEPSPs). In 11 fibers the signal-to-
noise ratio was excellent, allowing us to clearly detect and
analyze the individual eEPSPs (average eEPSP and spike fre-
quency were 87.4 ± 76.4 Hz and 2.0 ± 2.3 Hz, respectively; Fig-
ure 1C1). Spikes were always triggered right after one large
eEPSP, or after 2–3 closely timed eEPSPs, suggesting that
they are all evoked by eEPSPs. However, spikes were much
less frequent than eEPSPs, so the vast majority of eEPSPs failed
to trigger spikes. Similar findings are reported for adult turtle and
young rat afferent fibers (Yi et al., 2010; Schnee et al., 2013), but
more mature rat fibers appear to spike for nearly every EPSP
event (Geisler, 1997; Siegel, 1992; Rutherford et al., 2012).
To calculate the input resistance (Rinput) of the afferent fibers,
we made whole-cell patch-clamp recordings with a potassium-
based internal solution. We then injected negative step currents
(50–250 pA) to the fiber under current clamp, and the steady-
state voltages were measured for all steps and plotted against
the current amplitude. From the slope of a linear fit to the data,
we obtained Rinput = 148 ± 64MU (n = 6). This relatively low input
resistance of the afferent fiber explains in part why small-ampli-
tude EPSPs are unable to trigger spikes.
Under whole-cell current clamp, we next studied the EPSPs
and spikes. The resting membrane potential (Vrest) of the afferent
fiberswas69.8 ± 0.7mV (n = 6; Figure 1D), a value similar to that
of rat auditory afferents (Yi et al., 2010; Rutherford et al., 2012).
The average EPSP frequency was 80.5 ± 55.8 Hz (n = 7), and
the spike frequency was 7.4 ± 9.8 Hz (n = 7), neither of which is
significantly different from the value obtained from cell-attached
recordings (p>0.05, unpairedStudent’s t test). Theaveragespike
amplitude and halfwidth was 60.4 ± 26.0 mV and 0.74 ± 0.18 ms,
respectively (n = 5). Note that the derivative of the whole-cell cur-
rent-clamp data produced traces that were remarkably similar to
those from cell-attached recordings (Figures 1D1 and 1C1).
Indeed, cell-attached recordings measure a current proportional
to cp,dV/dt, where cp is themembrane capacitance of the patch.
Action potential spikes thus always have a biphasic waveform,
with a prominent undershoot,whereas eEPSPshave amonopha-
sic rise and decay with no undershoot (see Lorteije et al., 2009).
Therefore, spikes and eEPSPs can be distinguished without
any ambiguity. We conclude that spontaneous EPSPs occur
frequently, although they trigger spikes only sparsely.
Quantal Content of Spike-Triggering EPSCs
Figure 1D shows that spike threshold occurs at about 56 mV,
suggesting that a depolarization R14 mV from Vrest is neces-
sary to trigger a spike. When we depolarized afferent fibers
with a 2 ms step current injection, we determined that the
spiking threshold Vthreshold = 58.1 ± 4.6 mV (n = 9). Thus, to
trigger a spike, the amplitude of depolarization has to be
R12 mV (Vthreshold  Vrest). Therefore, a current step with an
amplitudeR80 pA ([Vthreshold  Vrest]/Rinput) can trigger a spike.
However, individual EPSCs are transient currents, with a 10%–
90% rise time of <0.25 ms and a decay time constant of
0.5 ms (Li et al., 2009). Therefore, in order to generate the
same depolarization, the EPSC has to have a considerably larger
amplitude than our 2 ms step current (see Figure S2, available
online).1406 Neuron 83, 1404–1417, September 17, 2014 ª2014 Elsevier IncIn order to determine how large the EPSC amplitude needs to
be to trigger a spike, we recorded spontaneous EPSCs and
EPSPs from the same afferent fiber (Figures 2A and 2B). Under
voltage clamp, with a holding potential of90mV, the amplitude
distribution of EPSCs can be fit well by a Gaussian function with
a mean amplitude of 153 ± 35 pA (n = 6; coefficient of variation
[CV] = 0.37 ± 0.07; Figure 2C; Li et al., 2009). With a resting mem-
brane potential near 70 mV, recordings under current clamp
from the same afferent fibers reveal an EPSP amplitude distribu-
tion that can also be fit by a Gaussian function with a mean
amplitude of 8.3 ± 3.7 mV (n = 6; CV = 0.38 ± 0.09; Figure 2D).
From all six afferent fibers at the membrane potential of
70 mV, we determined the average impedance as the ratio
(mean EPSP)/(mean EPSC) = 67.5 ± 22.5 MU. Therefore, in order
to reach the threshold depolarization of R12 mV, the EPSC
amplitude should be R180 pA (12 mV/67.5 MU), which corre-
sponds to the release of around 4–5 vesicles (EPSC quantal
size = 44 pA at 70 mV; Li et al., 2009). These results suggest
that the afferent fiber acts as a low-pass filter that eliminates
high-frequency ‘‘noise’’ (small-amplitude EPSCs that occur at
high rates) in favor of low-frequency ‘‘signals’’ (large EPSCs
that occur at lower rates and trigger spikes).
Because EPSPs can summate to trigger a spike, we deter-
mined their kinetics. The EPSP time course was slower than
that of the EPSC (Figures 2E and 2F). For eight afferent fibers,
we determined the 10%–90% rise time of spontaneous EPSPs
to be 0.66 ± 0.23 ms and the single exponential decay time con-
stant to be 3.2 ± 0.5 ms at70mV and 1.98 ± 0.21ms at90mV
(p < 0.05). This EPSP kinetics is about 2-fold faster than results
obtained from young rat afferent fibers at room temperature (Yi
et al., 2010; see, however, Grant et al., 2010).
Synaptic Delays and Asynchronous Release
To investigate how presynaptic depolarizations of variable
strength affect EPSC delays, we recorded EPSCs evoked by
voltage-clamp step depolarizations of the hair cell to different
voltages. We then measured the delay from the start of the
step depolarization to the peak of first EPSC (Figures 3A and
3B). For depolarizations to 60, 50, and 30 mV, this delay
was 5.6 ± 1.3 ms (n = 9), 3.1 ± 0.4 ms (n = 8), and 2.4 ± 0.4 ms
(n = 6), respectively (Figure 3D). A one-way ANOVA with Bonfer-
roni post hoc analysis shows that the synaptic delay was signif-
icantly shortened for stronger depolarization (p < 0.05). These
EPSC delays are significantly shorter than those of rat auditory
and vestibular hair cell synapses (Goutman and Glowatzki,
2007; Songer and Eatock, 2013). However, synaptic delays
become shorter for more depolarized holding potentials (Gout-
man, 2012). Like other conventional and ribbon-type synapses,
we thus conclude that stronger presynaptic depolarizations
lead to shorter synaptic delays at bullfrog hair cell synapses.
After the end of the depolarizing step, the Ca2+ current deac-
tivated quickly and little asynchronous release was observed
(Figure 3C). The release machinery is thus able to follow sharp
fluctuations in the hair cell’s membrane potential. We also
measured the latency from the start of a depolarizing step to
the peak of the first action potential spike. When we stepped
hair cells from 90 mV to 50 mV, the average delay of the first
spike was large and variable (41.5 ± 48.7 ms; n = 8). For a.
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Figure 2. Spontaneous EPSCs and EPSPs
from a Single Afferent Fiber
(A and B) Example traces of EPSCs and EPSPs
recorded from the same afferent fiber. In (A) the
fiber was voltage clamped at 90 mV, whereas in
(B) current-clamp recordings had a resting poten-
tial to about 68 mV.
(C and D) Amplitude distributions of the EPSCs (C)
and EPSPs (D) from the same afferent fiber as in
(A) and (B). Both distributions can be fit with a
Gaussian function (C.V., coefficient of variation).
(E and F) The average EPSC (E) and EPSP (F) ki-
netics at the mean peak values are shown. The
average EPSC was inverted (gray) and super-
imposed with the average EPSP in (F) to show that
both the rise and decay of the EPSP are slower
than the EPSC.
(G) EPSPs recorded from an afferent fiber at two
different resting membrane potentials. The EPSP
decay time constant was on average smaller at a
resting potential of 90 mV compared to 70 mV.
In (E), (F), and (G) single exponential fits (red) and
decay time constants are shown. In all panels, the
bath solution contained 1 mM TTX.
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Spike Timing Precision at Afferent Fiber Synapsesstronger step depolarization to 30 mV, the delay decreased
significantly to only 3.81 ± 1.82 ms (n = 15; p < 0.01, unpaired
Student’s t test; data not shown). Accordingly, the first spike la-
tency to a ‘‘click’’ sound of 400 Hz varies from 3 to 7 ms in frog
auditory nerve, and it decreases with louder click stimuli (Hillery
and Narins, 1987). The first spike latency of the afferent fiber thus
carries information about the onset timing and strength of the
presynaptic hair cell depolarization (Wittig and Parsons, 2008;
Buran et al., 2010).
Phase-Locking of Spikes at In Vitro Hair Cell Synapses
Given that synaptic delays vary for different levels of presynaptic
depolarization, how is spike phase invariance established for
sounds of different intensities? To explore this question, we stim-
ulated hair cells with sinusoidal voltage commands similar to
those that hair cells experience in vivo (Russell and Sellick,
1983). Auditory hair cells have an in vivo resting membrane po-
tential of about 55 mV, and their voltage responses to a pure
tone sound follow a sinusoid with amplitudes of up to 20 mV
peak-to-peak (Crawford and Fettiplace, 1980; Corey and Hud-
speth, 1983; Holt and Eatock, 1995). Therefore, we used sinusoi-
dal voltage commands centered at 55 mV with peak-to-peak
amplitude up to 20 mV. Figure 4A shows the stimulus template:
we first stepped the hair cell potential from 90 mV to 55 mV
for 50 ms, and then a sinusoidal wave was applied. This sinu-
soidal wave had a frequency of 400 Hz, a 10 mV peak-to-Neuron 83, 1404–1417, Seppeak amplitude, and a total length of
4.8 s (1,920 cycles). This stimulus was
repeated several times during the
hair cell recording until enough spikes
(>200) were generated for analysis. The
response (black trace) contained both
eEPSPs and spikes. Part of the traces in
Figure 4A are shown in Figure 4B withhigher temporal resolution. Note how every spike peak occurs
at nearly the same time point (phase) of the sinusoidal cycles.
The spikes are clearly phase-locked to the sine-wave stimulus.
To quantify the precision of spike timing, we detected the time
of each spike peak and the corresponding phase in the sinusoi-
dal voltage command. Note that most of the data points occur
between 0 and 100 (Figure 4C). In order to build a period histo-
gram, we ran a procedure to unwrap the phases in a data set: a
phase will be corrected by adding or subtracting 360 if doing so
can reduce the variation of phases in that data set (Paolini et al.,
2001). From these unwrapped phases, we built a histogram us-
ing a bin size of 10 (Figure 4D). This process does not change
the synchronization index of the data set, but it is necessary
for building a histogram with a single peak that lies between
0 and 360.
To quantify the precision of phase-locking, we calculated the
vector strength (V.S.) or synchronization index. V.S. varies from
0 (no synchronization) to 1 (perfect synchronization; see Experi-
mental Procedures). For sinusoidal waves with the same ampli-
tude but different frequencies, the V.S. of the spikes deteriorated
as the frequency increased beyond the characteristic frequency
(Figures 4Gand4H; V.S. = 0.45 for 400Hz, V.S. = 0.05 for 800Hz).
However, phase-locking improved as the frequency decreased
(Figure 4D; V.S. = 0.60 for 400 Hz, V.S. = 0.79 for 200 Hz).
Note also the leftward shift of the average phase for a fre-
quency of 200 Hz. This leftward phase shift also occurs in vivotember 17, 2014 ª2014 Elsevier Inc. 1407
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Figure 3. The Ca2+-Dependent Synaptic
Delay of Evoked EPSCs
(A) Ca2+ currents (ICa) and EPSCs (lower panel) are
shown from a hair-cell and afferent fiber paired
recording. The hair cell was stepped to 60 mV
(black), 50 mV (blue), and 30 mV (red). This
generated progressively larger amplitude ICa and
EPSCs.
(B) The onset of the three EPSC responses of (A)
are superimposed and plotted at higher temporal
resolution. The dashed line shows the Ca2+ current
in response to the 30 mV step depolarization.
Note how the delay of the EPSC becomes shorter
with stronger depolarization.
(C) Ca2+ currents and evoked EPSCs at the offset
of the step depolarizations (same data as A). Note
that there was very little asynchronous release at
both step depolarizations to50 mV and30 mV.
(D) The EPSC delays were measured from the start
of the step depolarization to the peak of the first
EPSC. At each potential, individual data points are
shown in the left, and the averaged date are shown
on the right. The EPSC delay becomes progres-
sively shorter with stronger depolarizations. Data
are presented as mean ± SEM.
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Spike Timing Precision at Afferent Fiber Synapsesat frog afferent fibers stimulated by sound, where V.S. = 0.6–0.7
for 400 Hz pure tones and V.S. = 0.8–0.9 for 200 Hz pure tones
(Hillery and Narins, 1987; see also Figure S4). However, for sinu-
soidal waves at a fixed frequency (fC = 400 Hz) but with different
amplitudes (10 mV versus 20 mV), the averaged phase remained
the same (80.3 ± 25.0 for 10 mV, 74.9 ± 26.4 for 20 mV; n = 7; p
> 0.05, paired Student’s t test), although the phase-locking
improved significantly with stronger depolarization (V.S. =
0.44 ± 0.16 for 10 mV, V.S. = 0.54 ± 0.13 for 20 mV; n = 7; p <
0.01, paired Student’s t test). Again, these results closely mimic
in vivo fiber recordings with sound stimulation at different inten-
sities (Hillery and Narins, 1984). Our in vitro hair cell synapse re-
cordings with sine-wave stimulation thus reproduce, extremely
well, several results obtained from in vivo frog afferent fibers
with acoustic stimulation.
Phase-Locking of EPSCs
We next recorded EPSCs from afferent fibers under voltage
clamp at90 mV while applying sinusoidal (400 Hz) stimulations
to connected hair cells (Figures 5 and S1). The V.S. of the EPSC
varied from 0.5 to 0.7, and like the V.S. for spikes (Figure 4D), the
EPSC V.S. increased as the stimulation frequency decreased
(see Figure S4). As expected, a partial block of hair cell Ca2+ cur-
rent with Cd2+ significantly reduced EPSC amplitudes and V.S.
(Figure S3). We also calculated the temporal dispersion of the
EPSC, a measure of event jitter within a cycle (Ko¨ppl, 1997; Pao-
lini et al., 2001). This parameter decreased significantly as the
frequency increased. Interestingly, at fC = 400 Hz the temporal
dispersion was low (about 380 ms), while the vector strength
was still relatively high (about 0.5; Figure S5). As shown in Fig-
ures 5A–5C, Ca2+ current (green traces) followed the voltage
stimulus faithfully on a cycle-by-cycle basis. To quantify how
well Ca2+ currents followed stimulation cycles, we detected the
peak time of the Ca2+ currents for all cycles and then calculated
V.S., which was 0.90 ± 0.06, 0.96 ± 0.04, and 0.98 ± 0.02 (n = 5;1408 Neuron 83, 1404–1417, September 17, 2014 ª2014 Elsevier Incp < 0.05 one-way ANOVA with Bonferroni post hoc analysis) for
stimulations at 5 mV, 10 mV, and 20 mV, respectively. Ca2+ cur-
rents were thus highly phase-locked to sinusoidal stimulation,
and the degree of phase-locking improved significantly as stim-
ulation became stronger.
Although Ca2+ currents occurred faithfully at every cycle of the
sinewave, EPSCsdidnot occur at everycycle. Forweakstimuli of
5 mV, EPSCs had a low success rate that varied from 4% to 30%
among different afferent fibers with an average of 14.7% ± 9.3%
(n = 5). For stronger stimuli of 10 mV, the success rate was
increased to 21.8% ± 14.5%, and it was further increased to
35.4% ± 21.5% for stimuli at 20 mV (n = 5; p < 0.05 one-way
ANOVA with Bonferroni post hoc analysis). However, even for
aweak stimulus of 5mV, theEPSCwasphase-locked to the stim-
ulating template with a V.S. = 0.28 ± 0.09 (n = 5). EPSC phase-
locking improved significantly for stronger stimulation: V.S. =
0.48 ± 0.11 at 10 mV, and V.S. = 0.61 ± 0.11 at 20 mV (n = 5;
p < 0.01 one-way ANOVA with Bonferroni post hoc analysis).
Remarkably, the average EPSC amplitude did not change
significantly for stimuli of different amplitudes (185 ± 48 pA for
5 mV; 199 ± 58 pA for 10 mV; 194 ± 56 pA for 20 mV; n = 5;
p > 0.05 one-way ANOVA; Figures 5E and 5H). Likewise, the
average preferred phase of the EPSCs did not change as the
strength of the stimulus was increased (Figure 5G). Indeed,
the average EPSC phases for 5 mV, 10 mV, and 20 mV stimulus
sine waves of 400 Hz are not significantly different (323 ± 23,
320 ± 23, and 320 ± 29, respectively; n = 5 paired recordings;
p > 0.05 one-way ANOVA).
During prolonged sine-wave stimulation, the frequency of
EPSC events depended on stimulus strength (or Ca2+ current
amplitude), but the average amplitude of the EPSCs, calculated
without including EPSC failures, remains effectively Ca2+ current
independent (Figures 5E and 5H). However, the average evoked
EPSC amplitude was a linear function of the Ca2+ current ampli-
tude when the EPSC average also included the EPSC failures.
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Figure 4. Phase-Locking at Hair Cell Ribbon Synapses In Vitro
(A) An example of cell-attached recording (black) from an afferent fiber while a sinusoidal voltage command (blue; 400 Hz) was applied to the connected hair cell
under voltage clamp. The sinusoidal wave had a peak-to-peak amplitude of 10mV centered at55 mV. Each stimulus lasted 5 s and was repeated as necessary
to obtain a sufficient number of spikes for analysis. Note that there are more spikes in the beginning of the sine-wave stimulus than in the end, which is consistent
with the spike rate adaptation seen in vivo.
(legend continued on next page)
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Spike Timing Precision at Afferent Fiber Synapses(Figures 5D and 5F; R2 = 0.95 ± 0.06; slope = 0.91 ± 0.73; n = 5).
This agreeswith previous results showing a linear synaptic trans-
fer function at this frog synapse with step depolarizations (Keen
and Hudspeth, 2006; Cho et al., 2011) and at mammalian audi-
tory and vestibular hair cell synapses (Dulon et al., 2009; John-
son et al., 2008, 2010).
One explanation for the invariance of the EPSC amplitude with
stimulus strength is that postsynaptic AMPA receptors are satu-
rated. However, stronger stimuli failed to evoke a larger average
EPSC when we repeated the same experimental protocol of Fig-
ure 5 in the presence of the low-affinity AMPA receptor antago-
nist g-DGG (2 mM), which will protect receptors from saturation
(Figure 6). Indeed, note that g-DGG significantly reduced the
amplitude of the evoked EPSCs (Figure 6C) compared to the
spontaneous EPSCs that occur before the hair cell is voltage
clamped (Figure 6A). Nevertheless, the average EPSC phase
remained invariant to stimulus strength, although vector strength
progressively increased with stimulus strength (Figure 6D).
Similar results were obtained for six paired recordings in 2 mM
g-DGG. The average evoked EPSC amplitude invariance to stim-
ulus strength is thus not due to AMPA receptor saturation. Post-
synaptic specializations that aid the rapid diffusion of glutamate
out of the synaptic cleft probably help this synapse to avoid
AMPA receptor saturation and prolonged desensitization (Gray-
don et al., 2014).
Spike Timing Precision: Large EPSCs Have Higher
Vector Strength
The spike-generating mechanism of the afferent is subject to an
intrinsic ‘‘jitter’’ in its timing (see Figure S2), so one expects some
significant degradation of phase-locking quality in the step from
EPSC to spike triggering. However, to our surprise, for a 20 mV
sinusoidal wave stimulus, the spike vector strength (V.S. = 0.54 ±
0.13; n = 7) is only slightly lower than that of EPSC vector
strength (V.S. = 0.61 ± 0.11; n = 5), and this difference is not sig-
nificant (p > 0.05 for unpaired Student’s t test). To further confirm
this finding, we took advantage of cell-attached (or on-cell) re-
cordings with high signal-to-noise ratio (see Figure 1C). In this
recording mode, one can reliably detect eEPSPs and spikes
from the same afferent fiber (Figures 7A and 7B). This allowed
us to compare phase-locking of eEPSPs and spikes from the
same recording. For three paired recordings with very low noise
in the afferent fiber on-cell recording, we confirmed that the
spike vector strength is only slightly lower than that of the
eEPSPs (Figure 7C). This seems to suggest that the spike-gener-
ating mechanism of the afferent fibers is nearly as precise as the
EPSP-generating process, although spikes are triggered much
more sparsely than EPSPs.(B) Part of the record in (A) (within the gray box) is shown here at higher temporal re
peaks all coincide with the same cycle of the sine wave. The spikes are thus all p
(C) For each spike, the time of the positive peak was detected and converted to
(D) A histogram was built from the data in (C) with a bin size of 10 (black bars). A
200 Hz and the same amplitude (gray bars). For the 200 Hz stimuli, a phase shift to
In vivo recordings report similar results for pure tone sound stimuli.
(E) Period histograms for stimuli with an amplitude of 20 mV at 400 Hz, from the
(F) Pooled data from seven pairs showing that vector strength was significantly inc
unchanged. Data are presented as mean ± SEM.
(G and H) Period histograms from a different paired recording show good phase
1410 Neuron 83, 1404–1417, September 17, 2014 ª2014 Elsevier IncTo study the precision of the spike generator, we calculated
the delay between the spike peak and the closest eEPSP
peak, which identifies the eEPSP that triggered the spike. Note
from Figures 4B and 7A that this delay can be clearly determined
in low-noise cell-attached recordings. The delaywas surprisingly
variable and ranged from a minimum of 0.4 ms to as long as
2.2 ms (Figure 7D). Therefore, as expected, the spike-generating
mechanism of the afferent fiber is not unusually precise, since
spikes can be triggered over a long temporal window after an
EPSP. Moreover, the timing of afferent fiber spiking is also
limited by the refractory period during repetitive stimulation, as
well as fluctuations in resting membrane potentials that will pro-
duce an intrinsic jitter in spike timing (Figure S2), all factors that
may degrade spiking entrainment and precision relative to the
timing of EPSC or EPSP events (Avissar et al., 2013).
In order to overcome this inherent variability in the timing of
spike generation, we postulated that large EPSPs, with ampli-
tudes sufficient to quickly and reliably trigger spikes, must some-
how be better phase-locked than smaller-amplitude EPSPs. If
this were the case, it could explain the results of Figure 7C. How-
ever, this is a counterintuitive hypothesis because large EPSPs
presumably require the opening of several Ca2+ channels to
trigger the simultaneous release of several docked vesicles.
Since Ca2+ channels open stochastically, this should introduce
some further temporal jitter in the overall exocytosis process
when compared to small EPSPs, which require only the release
of one or two quanta.
To test this hypothesis, we analyzed a large data set of sine-
wave-evoked EPSCs (2,889 events; Figure 8A). Using EPSCs
generated by the same sine-wave stimulus, we selected a
20% subgroup of EPSCs whose amplitudes are larger than the
rest of the EPSCs. We next selected a 20% subgroup of the
EPSCs whose amplitudes are smaller than the rest of the EPSCs
(Figures 8B and 8C). The top 20% of the events had an average
amplitude of 381 pA (quantal content of about 5 or 6 vesicles; n =
578 events), while the bottom 20% had an average amplitude of
93.4 pA (quantal content of about 1 or 2 vesicles; n = 578 events).
The top 20% EPSC subgroup had a vector strength significantly
better (V.S. = 0.74) than that of the bottom 20% (V.S. = 0.45; Fig-
ure 8C). For six paired recordings, when we compared the
phase-locking between the two subgroups from the same fiber
recording, we found that the top 20% EPSCs are significantly
better phase-locked than the bottom 20% (Figure 8D; paired
Student’s t test, p < 0.01).
What is the contribution of spontaneousmEPSCs to the V.S. of
small events? To address this, we first note that mEPSCs occur
at a low rate (1 Hz; Li et al., 2009). Assuming mEPSCs are Ca2+
independent and occur at 1 Hz, there are probably 5 mEPSCs insolution. Note that all four spikes occur after a preceding eEPSP, and the spike
hase-locked.
phase (0–360) according to the stimulus voltage-clamp template.
nother histogram from the same recording was built for a sine-wave stimuli of
the left occurred and the vector strength (V.S.) increased (see also Figure S4).
same pair as in (D).
reased when stimuli amplitude doubled, whereas the average phase remained
-locking at 400 Hz (G) but not at 800 Hz (H).
.
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Figure 5. Phase-Locking of EPSCs at Hair
Cell Ribbon Synapses
(A) Presynaptic Ca2+ current (in green) and post-
synaptic EPSC (in red) from a hair cell-afferent fiber
pair in response to a sinusoidal voltage-clamp
stimulus applied to the hair cell. The stimulus had a
peak-to-peak amplitude of 20 mV centered at
55 mV (in dashed gray). For 1920 cycles of stim-
ulation at this amplitude, a total of 1,177 EPSCs
were detected.
(B andC) EPSC responses to a 10mV (B; blue trace)
and 5mV (C; black trace) sinusoidal stimuli from the
same pair as in (A). Note that the number of EPSCs
decreases as the sinusoidal wave amplitude de-
creases. For the same number of stimulation cycles
as in (A), we detected 849 EPSCs for 10 mV in (B)
and 513 EPSCs for 5 mV in (C).
(D–F) Average Ca2+ currents (D), average EPSCs
without failures (E), and average EPSCs with fail-
ures included in the average (F) were obtained from
the same paired recording as in (A) (in red), (B) (in
blue), and (C) (in black).
(G) The time of each EPSC peak was converted
to phase (in degree) according to the stimulus sin-
e-wave templates, and the histogram of these
phases for each stimulation condition is shown. The
distribution of peak Ca2+ current phases
was scaled and shown in gray (it had a peak of
800 events before scaling). Note that increasing
stimulus amplitude increases vector strength,
whereas the average phase remains nearly
unchanged.
(H) EPSC amplitude distributions at three different
stimulus levels. The mean EPSC amplitude, as
shown in (E), remains nearly unchanged at a value
of about 200 pA.
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Spike Timing Precision at Afferent Fiber Synapsesour 5 s sine-wave stimuli. To correct for this ‘‘error’’ we randomly
generated a phase number, compared this to the phases of the
bottom 20% events, and then excluded the phase whose value
was closest to the randomly generated one. We repeated this
five times and recalculated the V.S. to be 0.55 ± 0.20 (n = 5; un-
corrected V.S. = 0.52 ± 0.19). Using this corrected value, the top
20% events are still better phase-locked (n = 5; paired Student’s
t test, p < 0.05). We next used the fact that mEPSC amplitudes
are <100 pA (Li et al., 2009), and instead of using the bottomNeuron 83, 1404–1417, Se20% events, we used the middle 40%–
60% events. These events are >100 pA,
so it is unlikely that they contain sponta-
neous mEPSCs. Compared to these mid-
dle 20% events, the top 20% are still
better phase-locked (V.S. = 0.64 ± 0.12
versus 0.74 ± 0.10; n = 5; paired Student’s
t test, p < 0.05).
DISCUSSION
We have found that evoked EPSPs and
spikes from the same afferent fiber have
similar vector strength. Given the intrinsicjitteriness of spike-generating apparatus in afferent fibers, we
expected lower vector strength for spikes compared to EPSPs.
However, our results also show that large EPSCs are intrinsi-
cally better phase-locked than small-amplitude EPSCs.
Moreover, large and fast EPSPs will also trigger spikes more
precisely. We thus propose that large EPSC events allow
better temporal precision in spike triggering and compensate
for the intrinsic variability of the spike-generating mechanism.
Our findings thus suggest a major and unexpected functionalptember 17, 2014 ª2014 Elsevier Inc. 1411
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Figure 6. Phase-Locking of EPSCs in the
Presence of g-DGG, a Rapidly Dissociating
and Low-Affinity AMPAReceptor Antagonist
(A) EPSC amplitude distributions of spontaneous
EPSCs in control solution.
(B) Using an identical voltage-clamp protocol as
used in Figure 5, the average Ca2+ currents on hair
cells evoked by sinusoidal voltage commands at
20 mV (red), 10 mV (blue), and 5 mV (black) in the
presence of 2 mM g-DGG are shown.
(C) For the same afferent fiber as in (A), the ampli-
tude distributions of evoked EPSCs are similar for
the different amplitudes of the hair-cell sine-wave
stimulus in the presence of 2 mM g-DGG. Note that
the mean EPSC amplitude is now about one-third
of that shown for (A), and this mean remains nearly
unchanged at a value of about 60 pA.
(D) Distributions of evoked EPSC phases for the
three different hair-cell sine-wave stimuli. Note that
the vector strength increases with stronger stim-
ulus, whereas the average phase angle remains
unchanged.
Neuron
Spike Timing Precision at Afferent Fiber Synapsesbenefit of large EPSCs for hair cell synapses: enhancement of
spike phase-locking to incoming sound waves.
Afferent Fiber EPSPs and Action Potentials
Afferent fiber spikes had relatively small amplitudes of about
60 mV (Figure 1D; see also Yi et al., 2010; Schnee et al., 2013).
This may be due to the distal location of the spike-generating
zone (the locus of high Na+ channel density along the axon; Ruth-
erford et al., 2012). Small spike amplitudes also occur in cochlear
nucleus octopus cells and in auditory brainstem MSO neurons,
which have distal spike-triggering zones and large K+ currents
(Scott et al., 2005; Oertel et al., 2009). These neurons function
as coincidence detectors and require rapid rates of depolariza-
tion to fire spikes. Likewise, we find that frog auditory nerve fi-
bers require fast rising and large amplitude EPSPs to fire spikes
with reduced jitter (Figures 2 and S2). However, closely timed
EPSPs can summate, and this can contribute to the generation
of spikes (Figure 1D; Schnee et al., 2013).
In Vitro Sine-Wave Stimulation Mimics In Vivo
Sound-Wave Stimulation
We have found that noninvasive cell-attached recordings of
extracellular action potentials and EPSPs are possible from the
bullfrog afferent fibers (Figure 1C). Moreover, these extracellular
spikes can be elicited in a phase-locked manner by hair-cell
sine-wave stimuli that mimic pure sound tones (Figure 4B). The
resulting spike phase distribution is approximately Gaussian,
and the peak of the phase distribution shifts to the left for a lower
frequency sine wave of 200 Hz (Figure 4D). Furthermore, the vec-
tor strength increases for the lower-frequency sine-wave stimuli
(Figure 4D). Remarkably, in vivo recordings of frog auditory nerve
spikes evoked by pure tone sounds show the same behavior,
suggesting that we were able to capture several of the key fea-
tures of sound-evoked afferent fiber spiking with our in vitro re-
cordings (Hillery and Narins, 1984, 1987).1412 Neuron 83, 1404–1417, September 17, 2014 ª2014 Elsevier IncCa2+ Currents, Synaptic Delays, and Asynchronous
Release
Hair cells can sustain high rates of release during strong step-like
depolarizing pulses, whereas weaker step depolarizations pro-
duce smaller and less-frequent EPSCs (Figure 3). The rates of
vesicle release are clearly Ca2+ dependent (Neher and Sakaba,
2008; Schnee et al., 2005). The EPSC evoked by a 30 mV
step had a short synaptic delay and was composed of distinct
multiquantal events (Figure 3B). These distinct EPSC events
may originate from different synaptic ribbons with heteroge-
neous release probabilities due to different densities of Ca2+
channels and docked vesicles (Frank et al., 2009; Liberman
et al., 2011). In contrast to retinal ribbon synapses (Singer
et al., 2004), we observed very little asynchronous release after
hair cell hyperpolarization (Figures 3C and S1). The synapse is
thus well tuned to register the sharp onset and offset of a sound
stimulus (Christensen-Dalsgaard et al., 1998).
Like other conventional and ribbon-type synapses, EPSC de-
lays becomeshorterwith stronger stepdepolarization (Figure 3D;
see von Gersdorff et al., 1998). One would thus have expected a
phase advance with an increase in stimulus strength (Fuchs,
2005). When we use sine-wave stimuli and include EPSC fail-
ures, the average EPSC amplitude depends linearly on Ca2+ cur-
rent (Figures 5D and 5F), but exclusion of EPSC failures leads to
Ca2+ current-independent EPSCs, and the EPSC phase be-
comes intensity invariant (Figure 5G). However, when we use
sine-wave stimuli of different frequencies, but fixed amplitude,
the low-frequency stimulus produces synaptic delays shorter
than those of high-frequency stimuli (Figure S4) and a spike
phase advance (Figure 4D). Interestingly, sacculus bullfrog hair
cells are tuned to release more efficiently with weak stimuli at
their characteristic frequencies, and this form of evoked exocy-
tosis also appears to be Ca2+-current independent (Rutherford
and Roberts, 2006) and is present in the amphibian papilla (Patel
et al., 2012)..
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B Figure 7. Phase-Locking of Extracellular
EPSPs and Spikes
(A) eEPSP and spikes were recorded in the cell-
attached mode from an afferent fiber while the
connected hair cell was stimulated with a sinu-
soidal voltage command (20 mV peak-to-peak
centered at 55 mV, 400 Hz, light blue trace).
(B) The amplitude distribution of eEPSPs in (A)
shows that the signal-to-noise ratio is excellent for
distinguishing eEPSPs from noise and from the
extracellular action potential (eAP).
(C) Histograms of eEPSP phases (black) and spike
phases (red). The vector strength (V.S.) of spikes is
only slightly smaller than that of eEPSPs.
(D) The delay from a spike peak to the closest
eEPSP that precedes that spike varies consider-
ably from 0.4 to 2.5 ms. Given this wide variability
in spike timing, the small difference in vector
strength of (C) is quite unexpected.
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Spike Timing Precision at Afferent Fiber SynapsesThe data in Figure 5G allow us to calculate the average synap-
tic delay between the peak Ca current and peak EPSC evoked by
the 400 Hz sine-wave stimulus by simply converting the average
Ca current phase (183) and average EPSC phase (281) into
time and calculating their difference, which is 0.68ms. This value
is similar to the synaptic delay of 0.7–0.8 ms measured from
in vivo guinea pig inner hair cell synapses (Palmer and Russell,
1986). Note that this average synaptic delay does not depend
on the amplitude of the sine wave, a necessary consequence
of the EPSC phase invariance to stimulus intensity.
EPSC Phase Invariance to Sine-Wave Amplitudes
Intensity-independent phase-locking of sound-evoked spikes
appears to be a general feature of frog (Hillery and Narins,
1984), songbird (Gleich and Narins, 1988), emu (Manley et al.,
1997), and primate auditory nerves (Rose et al., 1967). Similar
observations for sound levels from 20 to 80 dB are also found
in the auditory nerve of cat (Liberman and Kiang, 1984), guinea
pig (stimulation at ‘‘null’’ frequency; Palmer and Shackleton,
2009), and barn owl (Ko¨ppl, 1997). Phase angles of EPSPs are
also intensity independent in the teleost Mauthner cell system
during the auditory-mediated escape behavior (Weiss et al.,
2009). Our results also suggest that sound intensity is encoded
by EPSC rates, whereas sound frequency can be encoded in
an intensity-independent manner by the timing (or phase) of
the EPSCs. In addition, note that vector strength increases
with stimulus strength (Figure 5G), so changes in the precision
of phase-locking can also encode sound levels (Anderson
et al., 1971; Avissar et al., 2007). The loudness and pitch of a
low-frequency sound signal can thus be encoded in a single
auditory nerve fiber via the rate and exact timing of spikes.
We found that even for very weak sine-wave stimuli (5 mV
peak-to-peak) the individual evoked EPSCs had large ampli-
tudes, although the Ca2+ currents were small (<20 pA; Figure 5C)
and likely due to the opening of only a few Ca2+ channels (Kim
et al., 2013). In fact, if we exclude failures, the average EPSCNeuamplitude had very similar values for the different sine-wave am-
plitudes (Figures 5E and 5H). This suggests that EPSC ampli-
tudes become effectively independent of Ca2+ current amplitude
when hair cells are held at their physiological resting membrane
potential and stimulated with sine waves. This provides support
for previous proposals on the mechanisms for phase-invariance
at different sound intensities (Fuchs, 2005; Goutman, 2012).
However, our data differ significantly from that of Goutman
(2012) with rat inner hair cells because our evoked EPSCs during
a sine-wave stimulus are mostly monophasic and sometimes fail
completely. Thus, they are less likely to summate (Figures 5 and
S1). Our in vitro EPSCs and spikes also have high V.S. (0.5–0.6
for 400 Hz), which is similar to in vivo sound-evoked spikes
(V.S. = 0.6–0.7 for 400Hz; Hillery andNarins, 1987). Furthermore,
we stimulated hair cells at their characteristic frequency, at
physiological temperatures, and we use adult animals that are
specialized to hear at low frequencies (i.e., from 100 to 1200 Hz).
EPSP Summation and the Importance of Failures
Figure 5A shows that even during large-amplitude sine-wave
stimulation, complete EPSC failure is a prominent feature of
the synapse. This occurs in spite of the large and unfailing
Ca2+ currents. However, an increase in sine-wave amplitude
from 5 to 20 mV does lead to less EPSC failures on a cycle-by-
cycle basis. This relatively high degree of EPSC failure, however,
does not compromise the transmission of frequency (or pitch)
information because the phase-locked spikes that do occur
already contain this information. Moreover, firing spikes at every
cycle during a high-frequency sine-wave stimulus would be
energetically costly. So the fact that spikes skip some cycles
permits phase-locking to still occur while ATP consumption is
reduced.
The fast EPSC kinetics, together with frequent EPSC failures,
also help to minimize the summation of closely spaced EPSPs
during a high-frequency sine-wave stimulus. This summation
can trigger spikes (Figure 1; Schnee et al., 2013), and theseron 83, 1404–1417, September 17, 2014 ª2014 Elsevier Inc. 1413
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Figure 8. Large EPSCs Are Better Phase-
Locked than Small EPSCs
(A) Period histogram of 2,889 EPSC phases ob-
tained from an afferent fiber while the connected
hair cell was stimulated with a sinusoidal voltage
command (400 Hz, 20 mV peak-to-peak; V.S.,
vector strength).
(B) The EPSC amplitude histogram of the 2,889
events in (A). The EPSCs were sorted according to
their amplitudes, and the top 20%are shown in red
and the bottom 20% in blue (578 events in each
case).
(C) Histograms for the two 20% subgroups of
EPSCs were plotted (top 20% in red, bottom 20%
in blue). Note that the top 20% group has a higher
vector strength than the bottom 20%.
(D) Pooled data from five afferent fibers showing
that the V.S. of large EPSCs (top 20%) is signifi-
cantly higher than that of small EPSCs (bottom
20%; paired Student’s t test, p < 0.01), whereas
the preferred phase of the two subgroups was
not significantly different. Data are presented as
mean ± SEM.
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Spike Timing Precision at Afferent Fiber Synapsesspikes may degrade the quality of phase-locking. Frequent
EPSP failures may thus improve phase-locking by allowing the
EPSP to fully decay back to baseline. Finally, a period of EPSP
and spike failure also allows time for recovery from spike refrac-
toriness (Figure S2). In summary, brief and large-amplitude
EPSPs that sometimes skip stimulation cycles make the hair
cell synapse well suited for transmitting phase-locked spikes
for prolonged stimulation periods.
Multiquatal EPSCs Enhance Spike Phase-Locking
Evoked EPSCs in g-DGG had a highly skewed distribution to-
ward larger EPSCs (Figure 6C), suggesting that large EPSCs
are due to more glutamate release, presumably due to multi-
quantal release. During sine-wave stimulation, most EPSCs ex-
hibited a fast monophasic rise and decay (Figures 5 and S1).
These phasic EPSCs with rise times of 0.2 ms likely originate
from a single ribbon-type active zone and not from the coincident
release of vesicles from different ribbons (Li et al., 2009). Only a
few evoked EPSC events exhibited multiphasic rise times that
may originate from the release of vesicles from different ribbons,
although in mammals these events can also arise from single rib-
bons (Grant et al., 2010). The coincident release of multiple ves-
icles from a single synaptic ribbon produces a fast and large
EPSC that enhances phase-locking at auditory afferent fibers
in an analogous manner perhaps to the way coincident presyn-
aptic inputs enhance phase-locking at postsynaptic bushy cells
of the cochlear nucleus (Joris et al., 1994; Carr et al., 2001).
Why are large evoked EPSCs better phase-locked than small
EPSCs? One possible mechanism is that some small EPSCs are
spontaneous so that their timing is random, which decreases the
synchronization of small EPSCs as a group. While this is unlikely
to account for all the difference according to our calculations
(see last paragraph of Results), we cannot completely rule this
out. The difference between small and large EPSCs can also
be explained if docked synaptic vesicles act as diffusion barriers1414 Neuron 83, 1404–1417, September 17, 2014 ª2014 Elsevier Incto boost nanodomain Ca2+ levels (Graydon et al., 2011). Small
EPSCs may then arise from ribbons not fully packed with vesi-
cles, where the effective [Ca2+]i rise around the ribbons is smaller
and slower given that there is more space for free Ca2+ ions to
diffuse away. However, for large evoked EPSCs the ribbons
are likely to be fully packedwith vesicles, so for the same number
of free Ca2+ ions, the effective [Ca2+]i rise is higher and faster
because there is very limited space for Ca2+ ion diffusion.
In summary, a fundamental reason for endowing hair cells with
the ability to exocytose a subgroup of docked vesicles in a highly
synchronous manner is to generate large phasic EPSPs that
trigger spikes that are better synchronized to a sine-wave stim-
ulus. Highly synchronous multiquantal release thus represents
an elegant mechanism to transmit the timing of sound-evoked
signals at the first chemical synapse for hearing.EXPERIMENTAL PROCEDURES
Animal handling procedures followed OHSU-approved IACUC protocols.
Adult bullfrogs (Rana catesbeiana) were sedated in ice bath for 25 min then
double-pithed and decapitated. Amphibian papillae were carefully isolated
and placed in a recording chamber containing Ringer’s solution. Hair cells
and their connection with afferent fibers were exposed by procedures
described previously by Keen and Hudspeth (2006) and Li et al. (2009). The
recording chamber, together with the preparation, was placed under an up-
right microscope (Axioskop 2; Zeiss) and viewed with differential interference
contrast optics through a 403 water immersion objective coupled with a 1.6
magnification lens and a CCD camera (C79; Hamamatsu). The preparation
was perfused continuously (2–3 ml/min) with Ringer’s solution containing (in
mM) 95 NaCl, 2 KCl, 2 CaCl2, 1 MgCl2, 25 NaHCO3, 3 glucose, 1 creatine, 1
sodium pyruvate (pH adjusted to 7.30 with NaOH), and continuously bubbled
with 95% O2 and 5% CO2. Chemicals and salts were obtained from Sigma.
Patch-clamp recordings were made with an EPC-9/2 or an EPC-10/2 (HEKA
Elektronik) patch-clamp amplifier and Pulse software (HEKA). Cells were held
at 90 mV (unless otherwise indicated), and the current signal was low-pass
filtered at 2 kHz and sampled at 20 kHz or higher. Off-line analysis was
performed mainly with Igor Pro 5.0 software (Wavemetrics). Custom-made.
Neuron
Spike Timing Precision at Afferent Fiber Synapsesmacros were built using IGOR for the detection of EPSC and EPSP events and
for the phase-locking analysis. Patch pipettes were pulled from thick-walled
borosilicate glass (World Precision Instruments) using a Narishige puller
(model PP-830) or a Sutter Puller (Sutter Instrument; model P-97). The internal
patch pipette solution contained (in mM) 80 Cs-gluconate, 20 CsCl, 10 TEA-Cl,
10 HEPES, 2 EGTA, 3 Mg-ATP, and 0.5 Na-GTP (adjusted to pH 7.3 with
CsOH). This solution allowed us to isolate the hair cell Ca2+ current. The
Ca2+ current was not leak subtracted because leak currents were generally
<20 pA. For current clamp recordings, Cs and TEA were substituted with equi-
molar amounts of K+. The liquid junction potential was estimated to be10mV
and compensated offline. Whole-cell series resistance (Rs) was 23.1 ± 9.6 MU
(n = 33) and 27.0 ± 11.1 MU (n = 22) for hair cells and afferent fibers, respec-
tively. In five afferent fibers held at90 mV, we recorded spontaneous EPSCs
before and after series resistance compensation (50%–70%). No significant
changes were observed for peak amplitudes (124 ± 34 pA versus 159 ±
54 pA), charge transferred (152 ± 58 fC versus 170 ± 69 fC), or for 10%–
90% rise time (0.27 ± 0.01 ms versus 0.26 ± 0.02 ms; n = 5).
The input resistance (Rinput) of the afferent fibers was calculated from cur-
rent-clamp recordings of the average voltage change produced by steps of
negative current (5 steps, 50 to 250 pA) injected into the afferent fibers.
The steady-state voltages were measured for all steps and plotted against
the current amplitude. The data were fit to a straight line, whose slope was
equal to Rinput. In seven afferent fibers, the average whole-cell capacitance
was 9.0 ± 1.9 pF based on the C-slow compensation of the amplifier. Then
we turned off C-slow compensation and recorded capacitive currents in
response to 10 mV hyperpolarizations with minimal filtering. We calculated
the whole-cell capacitance by integrating the transient currents within a
30 ms time window and dividing the integral by the voltage change of
10 mV. Using this method, the whole-cell capacitance was determined to be
42.9 ± 16.9 pF from the same seven afferent fibers. The long axon of the
afferent fiber terminal thus makes a large contribution to the total afferent fiber
capacitance for long integration times (Borst and Sakmann, 1998).
To determine the characteristic or resonant frequency of hair cells, a step
current was injected under current clamp. The voltage response data were
then fit to the following function:
VðtÞ=A,sinð2p,f,t+fÞ,expð-t=tÞ+Vss;
where A is the amplitude of voltage oscillation, f is the characteristic frequency,
f is the phase, t is the single exponential decay time constant, and Vss is the
steady-state membrane potential (Crawford and Fettiplace, 1981; Catacuz-
zeno et al., 2003). The quality factor of the electrical resonance is defined as
Q = [(p,f,t)2 + 0.25]1/2, following the model for electrical resonance of Craw-
ford and Fettiplace (1981).
To quantify phase-locking, we calculated vector strength or synchronization
index according the following equation:
vector strength=V:S:=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPn
i = 1
cosðqiÞ
2
+
Pn
i = 1
sinðqiÞ
2s
n
;
where q1, q2, q3,. qn are phases from spikes, EPSPs, or EPSCs. This param-
eter varies from 0 to 1. The significance of phase-locking was tested with the
Rayleigh test of circular data using a likelihood factor L = 2,n,(V.S.)2, where n =
number of spikes and V.S. = vector strength. The null hypothesis is a uniform
distribution of events (i.e., randomly occurring events with no phase-locking). If
L > 13.8, the null hypothesis is rejected at the p < 0.001 significance level (Hill-
ery and Narins, 1987). For example, a data sample of spikes with a V.S. = 0.2 is
still considered to be phase-locked if the number of spikes is >200.
Statistic tests were performed with Igor Pro 6.0 (WaveMetrics) software. We
used Student’s t test for single comparisons and one-way ANOVAwith Bonfer-
roni post hoc analysis for multiple comparisons. For either test, N.S. means p >
0.05, *p < 0.05, **p < 0.01, and ***p < 0.001.SUPPLEMENTAL INFORMATION
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